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New look at Concavicaris woodfordi (Euarthropoda: Pancrustacea?)
using micro-computed tomography
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ABSTRACT

Known from at least the Silurian to the Cretaceous, Thylacocephala is an enig-
matic fossil euarthropod ingroup, often allied with Pancrustacea. Previous studies
show that thylacocephalans are characterized by a folded protective shield, hypertro-
phied compound eyes, three pairs of raptorial appendages, a posterior trunk com-
prised of eight to 22 segments bearing appendages, and eight pairs of gills. Despite
this knowledge of their anatomy, many questions remain, especially surrounding the
anatomy of Paleozoic representatives.

The Upper Devonian Woodford Shale (upper Famennian, Oklahoma, USA) has
yielded several fossil euarthropods, including two species of Thylacocephala:
Concavicaris elytroides and Concavicaris woodfordi. Here, we use micro-computed X-
ray tomography to re-explore the anatomy of the holotype of C. woodfordi, illustrating
fine details of the shield structure, of the circulatory, digestive and reproductive sys-
tems, and of the appendages. A marginal fold of the shield as well as an inner layer are
described for the first time in a thylacocephalan. Concavicaris woodfordi shares simi-
larities with Concavicaris submarinus, another Famennian species, including the mor-
phology of the shield and the internal anatomy. It also displays a similar organisation as
Mesozoic taxa, such as Dollocaris ingens. All of this provides important information
that will be crucial to reconstruct the evolution and the affinities of Thylacocephala.

Thomas Laville. Muséum national d’Histoire naturelle, Centre de Recherche en Paléontologie-Paris
(UMR7207), MNHN-Sorbonne Universitée-CNRS, Paris, France and Biogéosciences, UMR 6282- CNRS,
Université Bourgogne Franche-Comté, EPHE, Dijon, France. Corresponding author.
thomas.laville@ecomail.fr

Thomas A. Hegna. Department of Geology and Environmental Science, State University of New York at
Fredonia, New York, USA thomas.hegna@fredonia.edu

Marie-Béatrice Forel. Muséum national d’Histoire naturelle, Centre de Recherche en Paléontologie-Paris
(UMR7207), MNHN-Sorbonne Université-CNRS, Paris, France. marie-beatrice.forel@mnhn.fr

Simon Darroch. Department of Earth and Environmental Sciences, Vanderbilt University, Nashville,

Final citation: Laville, Thomas, Hegna, Thomas A., Forel, Marie-Béatrice, Darroch, Simon, and Charbonnier, Sylvain. 2023. New look
at Concavicaris woodfordi (Euarthropoda: Pancrustacea?) using micro-computed tomography. Palaeontologia Electronica, 26(1):a1.
https://doi.org/10.26879/1218

palaeo-electronica.org/content/2023/3735-new-look-at-concavicaris-woodfordi

Copyright: February 2023 Palaeontological Association.

This is an open access article distributed under the terms of Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA
4.0), which permits users to copy and redistribute the material in any medium or format, provided it is not used for commercial
purposes and the original author and source are credited, with indications if any changes are made.
creativecommons.org/licenses/by-nc-sa/4.0/



LAVILLE ET AL.: NEW LOOK AT CONCAVICARIS WOODFORDI

Tennessee, USA. simon.a.darroch@vanderbilt.edu

Sylvain Charbonnier. Muséum national d’Histoire naturelle, Centre de Recherche en Paléontologie-Paris
(UMR7207), MNHN-Sorbonne Universitée-CNRS, Paris, France. sylvain.charbonnier@mnhn.fr

Keywords: Thylacocephala; Late Devonian; virtual Paleontology; internal anatomy; soft-parts preservation;

shield structures

Submission: 15 February 2022. Acceptance: 2 December 2022.

INTRODUCTION

Thylacocephalans are enigmatic euarthro-
pods, often regarded as an ingroup of
Pancrustacea Zrzavy and Stys, 1997 (see Haug et
al., 2014; Vannier et al., 2016; Broda and Zaton,
2017). They are characterized by distinct anatomi-
cal features: a folded shield enveloping most of the
body, hypertrophied compound eyes, three pairs of
raptorial appendages, a trunk made of eight up to
22 segments bearing appendages, and eight pairs
of gills (Schram, 2014). Despite recent work pro-
viding important information on their anatomy and
tagmosis (Haug et al., 2014; Vannier et al., 2016;
Broda and Zaton, 2017; Jobbins et al., 2020), the
phylogenetic affinities of Thylacocephala Pinna,
Arduini, Pesarini and Teruzzi, 1982 are still unclear.
They have been proposed to be related to phyllo-
carids (e.g., Cooper, 1932; Chlupa¢, 1963), sto-
matopods (as larval forms; e.g., Hilgendorf, 1885),
thecostracans (Pinna et al., 1985), and more
recently to malacostracans (Secrétan, 1985; Van-
nier et al.,, 2016) and remipedes (Haug et al,,
2014).

Known from at least the Silurian (Haug et al.,
2014) up to the Late Cretaceous (e.g., Schram et
al., 1999; Lange et al., 2001; Charbonnier et al.,
2017), thylacocephalans were relatively diverse in
the Devonian (Table 1). Fourteen species have
been formally described from 10 different localities
corresponding to a wide variety of depositional
environments, from tidal channels to offshore envi-
ronments. Devonian representatives have provided
important insight into the morphology of thylaco-
cephalans, especially into their segmentation
(Briggs and Rolfe, 1983; Stigall and Hendricks,
2007), their internal anatomy (Jobbins et al., 2020),
and their ornamentation (Broda and Zaton, 2017;
Broda et al., 2020). Recent knowledge on the inter-
nal anatomy of Devonian thylacocephalans has
been acquired thanks to the use of micro-com-
puted X-ray tomography (UCT): 3D rendering of
Concavicaris submarinus Jobbins et al., 2020 from
the middle Famennian of Morocco revealed
unknown structures such as putative reproductive
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organs. It was only the second thylacocephalan
species studied using uCT imagery, after
Dollocaris ingens Van Straelen, 1923, from the
Callovian La Voulte-sur-Rhéne Lagerstatte (Van-
nier et al., 2016).

In order to expand our knowledge on the anat-
omy of Thylacocephala, it is necessary to apply
such approaches more commonly to thylacoceph-
alans. In this study, we re-examine the holotype of
Concavicaris woodfordi (Cooper, 1932) using uCT
in order to explore its internal and external
anatomy. This species is one of the rare thylacoce-
phalan with specimens preserved in 3D, which
makes it a good candidate for a uCT study. The
detailed 3D rendering obtained via uCT offers new
insights into the anatomy of thylacocephalans.

GEOLOGICAL SETTING

The Upper Devonian Woodford Shale crops
out in the Arbuckle Mountains, southern Okla-
homa, USA (Figure 1A, B). Based upon conodont
biostratigraphy, the unit ranges from the Late
Devonian (Frasnian) to the Early Carboniferous
(Mississippian; Over, 1992). During the Devonian,
the Arbuckle Mountains were part of a broad
marine shelf. During the Early Devonian, sedimen-
tation was mainly dominated by carbonates. In the
Frasnian (Late Devonian), the character of sedi-
mentation changed with fine-grained siliciclastics
dominant until the Early Carboniferous. This led to
the formation of the Woodford Shale.

The Woodford Shale is a fine-grained silici-
clastic unit that ranges in thickness from 30 m to
>60 m. It consists of alternating brown, black, and
grey mudstones and shale beds with interbedded
phosphatic layers and phosphatic concretions in
the upper part (Figure 1C; Kirkland et al., 1992;
Over, 1992; Roberts et al., 1992). The Woodford
Shale was deposited in an offshore basin charac-
terized by stagnant water masses and relatively
high salinity (Over, 1992; Romero and Philp, 2012).

Macrofossils are preserved in lenticular phos-
phatic concretions (Figure 1C; Over, 1992). In
addition to conodonts, radiolarians,



TABLE 1. Diversity and depositional settings of Devonian thylacocephalans.
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Series Age Occurrence Species Environment Lithology References
Early Late Emsian VarGv mill and Concavicaris desiderata subtidal quiet calcareous Barrande, 1872;
Devonian Pekarkav mlyn, (Barrande 1872) environment intercalation in  Chlupag, 1963

Czech Republic black shales
Middle/Late Na Route 30, Grand Concavicaris? sp. indet. tidal channels, micaceous Stigall and
Devonian Gorge, New York, brackish siltstone Hendricks, 2007
USA floodplain
Late Early Gogo station, Concavicaris campi Briggs  inter-reef basin,  calcareous Briggs and Rolfe,
Devonian  Frasnian Fitzroy basin, and Rolfe, 1983 marginal slope concretions in 1983; Broda et
Australia black shales al., 2020
Concavicaris glenisteri inter-reef basin,  calcareous Briggs and Rolfe,
Briggs and Rolfe, 1983 marginal slope concretions in 1983; Broda et
black shales al., 2020
Concavicaris milesi Briggs  inter-reef basin,  calcareous Briggs and Rolfe,
and Rolfe, 1983 marginal slope concretions in ~ 1983; Broda et
black shales al., 2020
Concavicaris playfordiBriggs inter-reef basin,  calcareous Briggs and Rolfe,
and Rolfe, 1983 marginal slope concretions in 1983; Broda et
black shales al., 2020
Harrycaris whittingtoni Briggs inter-reef basin,  calcareous Briggs and Rolfe,
and Rolfe, 1983 marginal slope concretions in 1983; Broda et
black shales al., 2020
“Ainiktozoon” sp. Lagoonal thin-bedded, Heidtke and
environment dark limestones Kratschmer,
2001
Fammenian Hady quarry, Brno, Concavicaris incola Chlupa¢, hemipelagicslope black, Chlupag, 1963;
Czech Republic 1963 calcareous Broda et al.,
shales 2020
Early Hady quarry, Brno, Concavicaris martinae Broda low-energy slope, black shales Broda et al.,
Fammenian Czech Republic et al., 2020 well below storm- 2020
wave base
Holy Cross Concavicaris pikae Broda et deep shelf, under thin-bedded, Zaton et al.,
Mountains, Poland al., 2020 the storm wave- laminated, dark, 2014; Broda and
base level carbona- Zaton, 2017;
ceous shales Broda et al.,
2020
Woodruff Creek, Concavicaris woodruffensis  shallow marine  dark grey Briggs and Rolfe,
Nevada, USA Broda et al., 2020 shelf mudstones 1983; Broda et
al., 2020
Middle Madéne El Mrakib, Concavicaris submarinus epicontinental haematite-rich  Jobbins et al.,
Fammenian Anti-Atlas, Morocco Jobbins et al., 2020 basin concretions in 2020
claystones
Kattensiepen Suttropcaris bottkei Koch et Na bituminous Koch et al.,
quarry, Rhenish al., 2003 calcareous 2003; Rolfe and
massif, Germany nodules in black Dzik, 2006
shales
Late Cleveland shale, Concavicaris aff. bradleyi epicontinental black shales Briggs and Rolfe,
Fammenian Ohio, USA. foreland basin, 1983

below storm-wave
base

Arbuckle mountain,

Oklahoma, USA

Concavicaris elytroides offshore, deep, phosphatic Cooper, 1932
(Meek, 1872) quiet-water concretions in
settings basin black shales
Concavicaris woodfordi offshore, deep, phosphatic Cooper, 1932;
(Cooper, 1932) quiet-water concretions in  this paper
settings basin black shales
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FIGURE 1. Position and geology of the fossil locality. A, Map of USA with the position of Oklahoma (red area) and of
Arbuckle Mountains (grey area). B, Map of Arbuckle mountains with the position of the type locality of Concavicaris
woodfordi (Cooper, 1932). C, Section of the upper Woodford Shale at Interstate 35 road-cut section (I-35) (sec. 25,
T2S, R2E, Arbuckle Mountains, Oklahoma, USA; redrawn after Over [1992]).

sponge spicules, ammonoid and nautiloid cephalo-
pods as well as inarticulate brachiopods have been
reported (Over, 1992). The Woodford Shale has
also yielded some fossil euarthropods, including
Aciculopoda mapesi Feldmann and Schweitzer,
2010, which is possibly the oldest dendrobranchi-
ate shrimp, and two species of Thylacocephala:
Concavicaris  elytroides (Meek, 1872) and
Concavicaris woodfordi (Cooper, 1932).

MATERIAL AND METHODS
Specimen

For the purpose of this study, we re-examined
the holotype of Concavicaris woodfordi, which is
stored in the paleontological collections of the
National Museum of Natural History, Smithsonian
Institution, Washington, DC (USNM PAL 112025).
This specimen was collected along the east side of
U.S. Highway 77, Arbuckle Mountains, Oklahoma,
USA (sec.30, T2S, R2E; Cooper 1932; Figure 1C),
and is the only known specimen.

Taphonomy. The specimen is preserved in 3
dimensions in a phosphatic concretion. Neither the
anterior nor the posterior parts of the shield are

preserved. Some soft-parts, including eyes,
cephalic appendages, and part of the posterior
trunk appendages are also not preserved. The
tomographic data emphasize the differential pres-
ervation of the anatomical structures. Organs (cir-
culatory and digestive systems) and appendages
appear less dense in the tomograms, indicating a
preservation in a low-density material or as empty
mold. In contrast, the shield is preserved in a
dense material, appearing black in the tomograms.
An elongate veil-like structure, which is partly con-
nected to the shield, appears formed of two dense
layers separated by sediments. In its posterior part,
it is only formed of dense material. The veil-like
structure is slightly folded in its anterior part,
appearing collapsed. It seems to have undergone
a small clockwise rotation in its posterior part.

The whole specimen is filled with sediments of
medium density (grey in the tomograms). At the
back of the specimen, a particular infill seems to
have occurred based on a denser material than the
rest of the specimen. This particular infill is formed
of rounded holes. The broken shield, the filling of
the shield, the deformation of some structures and
the loss of soft-parts indicate that the carcass was



probably affected by decay when lying on the sea-
floor, prior to the entombment in the phosphatic
nodule.

Anatomical abbreviations. am, adductor mus-
cles; cs, cylindrical structure; g, gills; gm, gastric
muscles; hp, hepatopancreas; il, inner layer; lvp,
latero-ventral pouch; mf, marginal fold; pl, pleural
part; pt, posterior trunk; pta, posterior trunk
appendages; r, rostrum; raptorial appendages; s,
shield; so, shield outline; st, sternal part; sto, sto-
mach; te, tergal part.

Measurements. We followed the scheme of mea-
surements from Laville et al. (2021a). Measure-
ments were done on the macro-photographs of the
specimen using ImageJ2 (Schneider et al., 2012).
Measurements abbreviations. A,y, antero-dorsal

angle; A, antero-ventral angle; Ay, postero-dor-
sal angle; Apv, postero-ventral angle; |, length; I,
length of rostrum; Ig, length of shield; I, length of
shield without rostrum; h, height; h,, anterior
height; h,5x, maximal height of shield; hp, posterior
height; w, width.

X-ray Microtomography

The specimen was micro-CT scanned using
the North Star Imaging pCT scanner housed at
Vanderbilt University (Tennessee, USA), and 1377
two-dimensional images were obtained with a
voxel size of 46 ym at a voltage of 115 kV and cur-
rent of 10 pA (Appendix 1); the volume was recon-
structed using EFX-CT (North Star Imaging,
Minnesota, USA). Rotation (178°), cropping and,
conversion to 8-bit were applied to every slice prior
to segmentation. Manual and semi-automatic seg-
mentation were done using Mimics 24.0 Research
Edition (Materialise; Appendix 1). Three-dimen-
sional rendering and processing was done using
Meshlab 2021.05 (GNU GPL 3.0; Cignoni et al.,
2008). Video of the 3D rendering (Appendix 2) was
constructed using Blender 2.93.1 (GNU GPL 3.0).

ANATOMY
Shield Morphology

The shield (s) appears to have a cylindrical
shape (Figure 2) with a roughly oval-shaped cross-
section (Figure 3). It is at least two times longer
than high (Table 2). Both sides of the shield are
convex (Figure 3). Rostrum and posterior margin
are broken as is the dorsal part of the shield. Ante-
rior margin is slightly slopping ventrally. Dorsal
midline and ventral margin appear convex. Antero-
ventral corner is rounded.
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The ventral area of the shield is marked by a
depression (Figures 2C, 3D—F). In transverse view,
the ventral part of the shield is folded up on itself,
forming a marginal fold, which appears well-miner-
alized. This latter is delimiting a cavity, which has a
lunate outline in the anterior part of the shield (Fig-
ure 3A—-C). This hollow becomes smaller and trian-
gular posteriorly (Figure 3D-F).

Organs and Internal Structures

Inner layer. An elongated and widespread inner
layer is located dorsally below the shield (il; Fig-
ures 3-5). It appears divided into two parts. The
anterior one, which is attached to the marginal fold,
has a shape similar to the shield (Figure 4A —C).
This anterior part both dorsally and laterally envel-
ops the soft-parts, but is open ventrally (Figure 6B,
D).

The posterior part has a very different mor-
phology: it is less wide and high than the anterior
portion and unlike the anterior portion, it appears to
be a closed structure (Figure 4D—F). It seems to
have undergone a slight clockwise rotation, proba-
bly linked to the decay and settling of the organism.
This posterior part has an almost square shape in
cross-section. Its tergal part (te) has a large ridge
centrally. This ridge is surrounded on each side by
a fold, defining a narrow ridge (Figures 3C, D, 4D,
E). The pleural parts (pl) are ventro-laterally ori-
ented in their upper third. They became vertical in
the middle and lower thirds. Finally, the sternal (st)
area appears slightly concave. The posterior trunk
appendages (see below) are connected to this
ventral area (Figure 5F).

Digestive system. A large, semi-circular structure,
oriented transversely to the body axis, is located in
the anterior part of the shield (interpreted as stom-
ach; sto; Figures 6, 7A-D). This structure is
attached on its ventral ends to two rounded struc-
tures (interpreted as latero-ventral pouch; Ivp). It
appears wider near the putative gonads.

Gonads. Two, long plate-like structures (inter-
preted as gonads; go) are located below the dorsal
area of the anterior part of the inner layer (Figures
6, 7A-D). They are 2.65 times longer than wide.
They are laterally tilted, mirroring one another.
Gills. Eight pairs of lamellar structures are pre-
served (interpreted as gills; g; Figures 6, 7E-G).
They are attached to the ventral side of the anterior
part of the inner layer. They appear to form a fan,
following the shape of the shield. The anterior
structures are vertical while the posterior ones are
almost horizontal.
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FIGURE 2. General view of Concavicaris woodfordi (Cooper, 1932). A, B, Right and left lateral views. C, line drawing
(lateral view). D, location of virtual slices presented in the figures (dorsal view). Abbreviations: vid, ventro-lateral
depression. Arrows indicate the anterior side of the specimen. Yellow doted lines indicate longitudinal sections. Green
dotted lines indicate transversal sections. Scales: 10 mm. Photos: T. A. Hegna.

Longitudinal cylindrical structure. On the left of
the shield, a longitudinal cylindrical structure is
closely associated with the lamellar structure (cs;
Figures 6, 7TE-G). In its anterior part, the structure
becomes medio-ventrally oriented.

Anterior fibrous structures. A mass of fibrous
structures is located below the semi-circular struc-
ture (interpreted as gastric muscle; gm; Figure 8A—
C). Their orientation and structure are not clear due
to their poor preservation.
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FIGURE 3. Marginal fold of Concavicaris woodfordi (Cooper, 1932). A, B, anterior part of the shield (tomogram and
drawing). C, close-up of marginal fold in the anterior part of the shield (tomogram). D, E, middle part of the shield
(tomogram and drawing). F, close-up of marginal fold in the middle part of the shield (tomogram). Abbreviations: il,
inner layer; mf; marginal fold; so, shield outline. Scales: A, B, D, E, 5 mm; C, F, 1 mm.

TABLE 2. Measurements on the shield of Concavicaris woodfordi (Cooper, 1932). Abbreviations: I, length of the ros-
trum; Ig, length of the shield, I,,, length of the shield without the rostrum; h, anterior height; h,,,«, maximal height of the
shield; hp, posterior height; w, width.

IS IW 'r ha hmax hp w

>54.2 mm Na Na ~11.3 mm ~25.3 >7.7 mm ~15.6 mm
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FIGURE 4. Anatomy of Concavicaris woodfordi (Cooper, 1932). A, longitudinal virtual section. B, longitudinal virtual
section (colour-marked). C, dorsal view (3D rendering). D, lateral view (3D rendering). Abbreviations: am, adductor
muscles; cs, cylindrical structure; go_7, gills; gm, gastric muscles;il,, anterior part of the inner layer; il,, posterior part of

the inner layer; Ivp, latero-ventral pouch; pta, posterior trunk appendages; ra4_s, raptorial appendages; so, shield out-
line; sto, stomach. Arrows indicate the anterior side of the specimen. Scales: 10 mm.
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FIGURE 5. Inner layer of Concavicaris woodfordi (Cooper, 1932). A—C, anterior part of the specimen. A, tomogram
(transversal slice). B, tomogram (transversal slice; colour-marked). C, anterior view (3D rendering). D—F, posterior part
of the specimen. D, tomogram (transversal slice). E, tomogram (transversal slice; colour-marked). F, cross-section (3D
rendering). G, cross-section of cephalothorax of a reptantian decapod (after Glaessner, 1969). H, |, cross-section of
the carapace structure of a myodocopan (Euphilomedes japonica (Muller, 1890); after Yamada, 2019). H, attached
region. |, duplicated region. Arrow indicates the rotation of the posterior part of the inner layer. Abbreviations: am,
adductor muscles; app, appendage; cb, chitinous body; ef, epimeral fold; g, gills; hi, hinge; il, inner layer of the shield;
il;, anterior part of the inner layer; ilo, posterior part of the inner layer; mu,, attractor muscles; ol, outer layer of the
shield; pl, pleural part; pta, posterior trunk appendages; so, shield outline; st, sternal part; te, tergal part. Scales: 5 mm.
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FIGURE 6. Internal anatomy of Concavicaris woodfordi (Cooper, 1932). A, right lateral view (3D rendering). B, ante-
rior view (3D rendering). C, dorsal view (3D rendering). D, longitudinal section (3D rendering). Abbreviations: am,
adductor muscles; cs, cylindrical structure; g4_g, gills; gm, gastric muscles; go, gonads; lvp, latero-ventral pouch;
pta,_z, posterior trunk appendages; r, rostrum; raq 3, raptorial appendages; s, shield; so, shield outline; sto, stomach.
Arrows indicate the anterior side of the specimen. Scales: A, C, D, 10 mm; B, 5 mm.
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FIGURE 7. Digestive, reproductive, and circulatory systems of Concavicaris woodfordi (Cooper, 1932). A, longitudinal
virtual section. B, longitudinal virtual section (colour-marked). C, D, digestive and reproductive systems (3D render-
ing). C, anterior view. D, right lateral view. E, F, G, circulatory system. E, tomogram. F, tomogram (colour-marked). G,
3D rendering of the left part. Abbreviations: cs, cylindrical structure; g4_g, gills; go, gonads; il, inner layer; Ivp, latero-

ventral pouch; sto, stomach. Arrows indicate the anterior side of the specimen. Scales: A, B, 10 mm; C-G, 5 mm.

1
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FIGURE 8. Muscular structures of Concavicaris woodfordi (Cooper, 1932). A, tomogram. B, tomogram (colour-
marked). C, gastric muscles (3D rendering). D, cross-section (3D rendering). E, adductor muscles (3D rendering).
Abbreviations: am, adductor muscle; gm, gastric muscles; il, inner layer; Ivp, latero-ventral pouch; s, shield; sto, sto-
mach. Scales: A, B, D, 5mm; C, E, 2 mm.

Central fibrous structures. A mass of fibrous
structures is lying posterior to the left lamellar
structures (interpreted as adductor muscle; am;
Figures 4A, B, 8D, E). These fibrous structures are
connected to the shield (Figure 8D), where it
appears divided into two parts.

Raptorial appendages. Posterior to the lamellar
structures, three poorly preserved rectangular
structures are oriented postero-dorsally (inter-
preted as raptorial appendages; ra; Figure 4A, B,
9A, B). They are associated with the anterior part
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of the inner layer. The first of these structures (ra¢)

appears divided into at least two podomeres.
Posterior appendages. Close to the ventral area
of the posterior area of the inner layer, three pad-
dle-like structures (interpreted as posterior trunk
appendages; pta) can be distinguished (Figure
9C-E). They are poorly preserved. They are
antero-posteriorly flattened, and their lateral and
medial sides form a carina. The proximal part of
the appendages is anteriorly oriented while the dis-
tal one is laterally oriented.
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FIGURE 9. Appendages of Concavicaris woodfordi (Cooper, 1932). A, longitudinal section (3D rendering). B, raptorial
appendages (3D rendering). C, tomogram. D, close-up of third posterior trunk appendage. E, posterior trunk append-
ages (3D rendering). Arrow indicates the third posterior trunk appendage. Abbreviations: il, inner layer; pta;_s, poste-
rior trunk appendages; ra4_3 , raptorial appendages; s, shield. Arrow indicates the anterior side of the specimen.
Scales: A-C, 10 mm; D, G, 2 mm; E, 5 mm; F, 1 mm.

DISCUSSION
Shield

Due to the poor preservation of the shield, it is
difficult to draw direct comparisons with other thyla-
cocephalan species. Nevertheless, some morpho-
logical details require discussion.

Shape. A particular feature of the shield of Con-
cavicaris woodfordi is the long shallow depression
near the ventral margin (Figures 2C, 3D-F). This
feature was previously described in the Devonian
Concavicaris bradleyi (see Meek, 1872), and in the
Carboniferous Suttropcaris bottkei Koch et al.,
2003. More recently, it has been described in the
Famennian Concavicaris submarinus (see Job-
bins et al., 2020). The shield of C. submarinus
shares many features with C. woodfordi: a straight
anterior margin, convex dorsal midline and ventral
margin, a rounded antero-ventral corner. Based on

the few remains, the rostrum of C. woodfordi was
probably similarly oriented (Figure 10). However,
no posterior longitudinal depression was discov-
ered on the shield of C. woodfordi, unlike
C. submarinus.

Ornamentation. The presence of a serrate ridge
on the dorsal area of the shield, also known in Con-
cavicaris elytroides — the other thylacocephalan
species described from the Woodford Shale — was
reported by Cooper (1932). However, we did not
see such a feature on the shield of this specimen.
Marginal fold. In many thylacocephalan species, a
thickening of all free margins, or at least of the ven-
tral margin, has been reported. A range of terminol-
ogy has been used to describe such structure:
flanges (Briggs and Rolfe, 1983), marginal carina
(Arduini et al., 1980; Schram et al., 1999; Charbon-
nier et al., 2017), marginal belt (Charbonnier et al.,
2019), marginal rim (Ji et al., 2017, 2021), or mar-
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FIGURE 10. Hypothetical reconstruction of Concavicaris woodfordi (Cooper, 1932). Morphology of anterior and pos-
terior sides of the shield, eyes and number of posterior trunk appendages are reconstructed based on Concavicaris
submarinus (Jobbins et al., 2020). Abbreviations: ce, compound eyes; g, gills; go, gonads; il, inner layer: Ivp, latero-
ventral pouch; pt, posterior trunk; pta, posterior trunk appendages; r, rostrum; ra, raptorial appendages; s, shield; sto,
stomach. Arrow indicates the anterior side of the specimen. Scales: 10 mm.

ginal fold (Laville et al., 2021a, 2021b) This struc-
ture, although often reported, has never been
described in detail. In our CT-scans, we can clearly
describe its morphology in Concavicaris woodfordi:
it represents an inner folding of the shield (Figure
3). This marginal fold changes of morphology
along the body: it appears thicker and higher in the
anterior part of the shield, having a lunate shape in
cross-section. In the posterior part, it has a triangu-
lar shape in cross-section and is less thick.

Inner folding of the shield is common in
bivalved arthropods such as Isoxys (Fu et al,
2014), phosphatocopins (e.g., Zhang and Pratt,
2012), bradoriids (e.g., Betts et al., 2016), bran-
chiopods (e.g., Fryer, 1996), podocopes (Yamada,
2007; Yamada and Keyser, 2010), and myodoco-
pes (Yamada, 2019). In recent ostracods, the mar-
ginal infold brings more strength to the free margin
shield, which might provide more stability to the
organism (Benson, 1981). The marginal infold
might also act as a barrier, protecting the soft-parts
when the shield is closed (Betts et al., 2016). The
marginal fold of thylacocephalans might have had
a similar function, although we note that there is no
clear evidence that thylacocephalans could have
entirely closed their shield.
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In recent ostracods, the marginal infold is
formed from the outer lamella of the shield
(Yamada, 2007). In thylacocephalans, however, it
is difficult to assess, whether the marginal fold orig-
inates from the outer or from the inner lamella.
Inner layer. This is the first time that an inner layer
connected to the shield has been reported in Thy-
lacocephala. This layer is divided into two parts
(Figures 4, 5). The posterior part most probably
represents posterior trunk segments based on its
division into a dorsal (tergal) area, two lateral (pleu-
ral) areas and a ventral (sternal) area.

The anterior part has a different morphology: it
mirrors the shape of the shield and is directly
attached to the marginal fold. It could represent a
part of an endoskeleton, as found in many euar-
thropods (e.g., Snodgrass, 1952; Manton, 1960;
Pilgrim and Wiersma, 1963; Pilgrim, 1973;
Secrétan-Rey, 2002; Bitsch and Bitsch, 2002;
Shultz, 2007). The endoskeleton is a system of
cuticular ingrowth and/or tendinous structures that
serves as a site for muscle and appendages
attachment (Bitsch and Bitsch, 2002). It is thought
to be segmented, being formed of inter- and intra-
segmental structures, similar to the axial skeleton
of Decapoda (Figure 5G; Secrétan-Rey, 2002).
The inner layer of Concavicaris woodfordi does not



appear segmented and seems less complex in
terms of morphology than the endoskeleton of
other euarthropods. These differences make
unlikely that this layer is part of an endoskeleton.

Instead, we suggest it likely represents a non-
mineralized inner lamella, as found in the dorsal
shield of bradoriids (Betts et al., 2016), branchio-
pods (Walossek, 1993; Fryer, 1996), myodocopes
(Vannier and Abe, 1992; Abe and Vannier, 1995),
podocopes, phosphatocopins (Mduller et al., 2009;
Zhang and Pratt, 2012), and tuzoiids (Ma et al.,
2022). In those taxa, the dorsal integument is
folded, forming a dorsal shield made of two layers:
a calcified outer lamella and a generally non-miner-
alized, inner lamella (Figure 5H, 1). One detail
might prevent us from interpreting the inner layer of
thylacocephalans as a non-mineralized inner
lamella. As mentioned in the taphonomy section,
this structure is formed of two dense layers, sur-
rounding sediments. This looks inconsistent with
the non-mineralized nature of the inner lamella of
other euarthropods. However, the inner layer of
phosphatocopines is often preserved as a mold,
with two dense, phosphatic coating layers sur-
rounding void (Miller, 1979; Olempska and Wacey,
2016). This appears similar to what we observed in
Concavicaris woodfordi: the two dense layers are
coating layers that surround sediments. The sedi-
ments most probably replaced the original inner
layer, which was dissolved. Thus, we interpret the
structure found in C. woodfordi as a non-mineral-
ized inner layer.

This inner layer often plays a role in gaseous
exchanges such as in Myodocopa. In this taxon,
the inner layer is associated with a complex system
of hemolymphatic sinuses, which are important for
gaseous circulation through the body (Abe and
Vannier, 1995; Williams et al., 2011). Vannier et al.
(2016) suggested that Dollocaris ingens had a
complex hemolymph circulatory system formed of
a heart, of gills and of vessels associated with gas-
eous exchange and diffusion through an integu-
mental network of the shield. If this network exists,
it is probably associated with the inner layer as in
Myodocopa. In Concavicaris woodfordi, the inner
layer appears related to the various organs pre-
served, especially the gills, which can be important
for gaseous exchange.

Digestive System

The association of a semi-circular structure
with two latero-ventral rounded structures recalls
part of the digestive system of Dollocaris ingens
described by Vannier et al. (2016: figure 1). Dollo-
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caris ingens possesses a cylindrical cardiac sto-
mach connected to two latero-ventral pouches, a
pyloric stomach associated with a bilobate hepato-
pancreas and an oval hindgut.

The latero-ventral pouches of Concavicaris
woodfordi resemble those of D. ingens. Moreover,
they are connected to the semi-circular structure
which most probably corresponds to remain of the
stomach. No other features of the digestive system
have been reported in C. woodfordi.

Reproductive System

Similar plate-like structures to those of Con-
cavicaris woodfordi (Figure 7) have been reported
by Jobbins et al. (2020: figure 4e, f) in the dorsal
part of the shield of Concavicaris submarinus, and
interpreted as gonads or hepatopancreas. In C.
woodfordi, even though they appear connected
dorsally to the stomach, it is unlikely that those
structures are the hepatopancreas. Vannier et al.
(2016) described in Dollocaris ingens the hepato-
pancreas, which is located ventrally, surrounding
the pyloric stomach. This is not the case of the
plate-like structures of the Devonian representa-
tives. Moreover, those structures do not have the
typical tubular structure of the pancrustacean
hepatopancreas.

We recently re-studied specimens of D.
ingens using X-ray microtomography and noticed
the presence of both organs in the same specimen
(work in progress): the hepatopancreas, located
ventrally, and the plate-like structures, located dor-
sally. This confirms that those later are not the
hepatopancreas and might therefore be gonads as
suggested by Jobbins et al. (2020).

Circulatory and Respiratory Systems

Gills. We herein reported eight pairs of lamellar
structures (Figure 7E-G). Those elongate lamellar
structures clearly resemble the set of gills of thyla-
cocephalans. They have similar shape and position
as the gills reported for Concavicaris submarinus
(see Jobbins et al., 2020). Thus, we interpret those
structure as gills. Jobbins et al. (2020: figure 4A, B)
only reported three pairs of gills. Looking at the CT-
scans and 3D rendering of C. submarinus, it is
probable that some gills have been confused with
gastric muscles in this species. Indeed, some of
the putative lateral gastric muscles are in the same
position as some of the most anterior gills of
C. woodfordi.

The qills reported in Paleozoic thylacoce-
phalans (e.g., Rolfe, 1985; Jobbins et al., 2020)
are often small relative to the shield, when com-
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pared to Mesozoic representatives (e.g., Arduini et
al., 1980; Vannier et al., 2016). This difference in
gills size might be the result of different lifestyles. If
Mesozoic thylacocephalans had a more active life-
style, they would probably have higher oxygen
requirements. A way to fulfill those requirements
would be to increase the exchange surface, and
therefore the gill surface area. Such mechanisms
have been suggested for extant pancrustaceans
(e.g., Johnson and Rees, 1988; Glazier and Paul,
2017). For thylacocephalans, more comparative
and morpho-functional studies will be required to
conclude whether this difference is linked to a
change in the mode of life.

Circulatory system. In the left part of the shield, a
longitudinal cylindrical structure appears closely
associated with the gills (Figure 7E-G). Based on
its relationship with the gills, it could represent a
structure for the attachment and support of the
gills. However, the gills appear clearly attached to
the inner layer, making it unlikely for this structure
to serve as an attachment site. Instead, it might be
a part of the circulatory system. In pancrustaceans
(Wirkner and Richter, 2013), gills are usually asso-
ciated with hemolymphatic sinuses that channel
the hemolymph out of gills into the pericardial sinus
and then into the heart. This cylindrical structure,
which has a vessel-like morphology, is most proba-
bly part of these sinus networks.

Muscles

Gastric muscles. Based on their fibrous and elon-
gate nature (Figure 8A-C), the anterior fibrous
structures are most likely muscles. Their associa-
tion with the putative stomach and the latero-ven-
tral pouches implies that they are probably related
to the digestive system. Moreover, they resemble
in shape and location the central gastric muscles
described in Concavicaris submarinus (see Job-
bins et al., 2020). Gastric muscles are common in
pancrustaceans (e.g., Kunze, 1981; Schmitz and
Scherrey 1983; McGaw and Curtis 2013; Keiler et
al.,, 2016). In such organisms, they surround the
stomach and are closely related to it. We thus
interpret the anterior fibrous structures as gastric
muscles.

Adductor muscles. The fibrous nature of the cen-
tral fibrous structures suggest that they are likely
muscles (Figure 8D, E). Those muscles are con-
nected to the shield and thus, might represent
adductor muscles. Indeed, the presence of adduc-
tor muscles have often been suggested in thylaco-
cephalans. In many species, large rounded spots
located in the anterior or central part of the shield
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have been described as putative muscle scars.
(Secrétan and Riou, 1983; Pinna et al.,, 1985;
Secrétan, 1985; Charbonnier et al., 2017, 2019;
Laville et al., 2021a). Moreover, those muscle
scars can be associated with muscles, as for
Ostenocaris cypriformis Arduini, Pinna and Teruzzi,
1980 from the Early Jurassic of Italy (Arduini et al.,
1980; Pinna et al., 1985). The adductor muscles
reported by Pinna et al. (1985) clearly resemble in
terms of shape and position the central fibrous
structures of C. woodfordi. Thus, we interpret those
structure as adductor muscles.

Appendages

Raptorial appendages. Three long rectangular
structures are visible in the central part of the
shield, posterior to the set of gills (Figure 9A, B).
The most anterior structure appears to be divided
into at least two podomeres. This indicates that
these structures are likely segmented. Based on
their position, their orientation and their segmented
nature, they might represent the proximal part of
the raptorial appendages. Preservation of raptorial
appendages is quite rare among Devonian thylaco-
cephalans, for which only traces have been
recorded (Broda et al., 2020).

The position of the raptorial appendages,

which are related to the inner layer of the shield,
and not to the posterior trunk, indicates that they
are part of a more anterior tagma than the one of
the posterior trunk appendages.
Posterior trunk appendages. The paddle-like
structures associated with the posterior trunk are
similar to the posterior trunk appendages
described for Concavicaris submarinus and are
thus interpreted as such (Figure 9C-E). Paddle-
like appendages are quite common in Paleozoic
taxa (Haug et al., 2014; Broda et al., 2020). It is,
therefore, not surprising to recover a similar mor-
phology in Concavicaris woodfordi.

Tagmatization

There are several major questions surround-
ing the character and mode of tagmatization in
Thylacocephala (e.g., Polz, 1993). Multiple hypoth-
eses have been made concerning this topic (see
Laville et al., 2021a for a review); the main differ-
ences between them center on four major aspects:
1) the origin of the shield, 2) the number and nature
of cephalic and posterior trunk appendages, 3) the
nature of raptorial appendages, and 4) the inser-
tion of gills.

Our work provides some insight to resolve the
issue of thylacocephalan tagmatization (Figure 10).



First, we can confirm that thylacocephalans are at
least divided into two regions. The first one corre-
sponds to the shield with the raptorial appendages
shown to belong to this region. Those appendages
have been proposed as belonging to the cephalon
(e.g., Vannier et al.,, 2016) or the anterior trunk
(e.g., Rolfe, 1985). In C. woodfordi, they seem to
be inserted into the posterior part of the shield,
which might indicate an anterior trunk affinity. How-
ever, as the exact origin and segmentation of the
shield is unknown, further discussion is not possi-
ble.

Another important structure — the gills — are
shown to be attached to the lateral sides of shield,
indicating that they are pleurobranchs. This con-
firms a hypothesis proposed by Schram and
Koenemann (2022), but also confirms that they are
not related to the posterior trunk, which corre-
sponds to the second region of thylacocephalans.

CONCLUSION

Our study of Concavicaris woodfordi based on
MCT imagery provides new insights into the anat-
omy of thylacocephalans. Our CT scans reveal
new anatomical details, including the structure of
the shield, the circulatory, digestive and reproduc-
tive systems, and the appendages. A marginal fold

PALAEO-ELECTRONICA.ORG

of the shield as well as an inner layer are described
for the first time in a thylacocephalan. These data
illustrate that Concavicaris woodfordi shares simi-
larities with Concavicaris submarinus, another
Famennian species, including the morphology of
the shield and the internal anatomy. Concavicaris
woodfordi also displays an organisation similar to
Mesozoic taxa, such as Dollocaris ingens, although
we note that the gills are smaller in C. woodfordi,
potentially indicating variation in the mode of life of
thylacocephalans. Our study does not entirely
resolve the puzzle of thylacocephalan anatomy but
does provide new important information that will be
crucial to reconstructing the evolution and the affin-
ities of this group.
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APPENDICES

APPENDIX 1. Tomograms, Mimics (segmentation) and STL files (3D rendering). Please download
1218 _appendices.zip at https://palaeo-electronica.org/content/2022/3735-new-look-at-concavicaris-wood-
fordi.

APPENDIX 2. 3D rendering of Concavicaris woodfordi based on the segmentation. For animated version,
please download 1218 _appendices.zip at https://palaeo-electronica.org/content/2022/3735-new-look-at-
concavicaris-woodfordi.

The data for the Appendices can also be downloaded at the following link: https://doi.org/10.5281/
zenodo.5913066
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